Current fused silica surface processing, aimed at reducing known absorbing precursor concentration, has brought laboratory-tested ultraviolet laser-induced damage rates to nearly nil at fluences up to 10 J/cm 2 . Yet this damage rate reduction has not been fully realized in large facility operation. A recently discovered source of damage in the facility is from particles ejected from damage of a neighboring optic under laser exposure and deposited onto the substrate surface. This state was observed to provide a means to couple energy from a subsequent laser pulse into the contaminated substrate and cause damage characterized by fracture. In this work, we explore the rate at which particles are removed from the surface and the rate at which particles lead to damage as a function of laser fluence and particle characteristics. This analysis allows for a derivation of an optimal pre-exposure fluence of a contaminated optic which maximizes particle removal probability while minimizing surface damage probability. For fluences up to 9.5 J/cm 2 (351 nm, 5 ns square pulse), both particle removal and damage probabilities generally increased with particle size and laser fluence, with damage threshold around 6.5 J/cm 2 . Two possible mechanisms that facilitate particle-induced damage on the substrate surface from laser-generated and deposited ejecta will be discussed, namely i) enhanced thermal contact from molten or partially molten ejecta and ii) fracture generated upon impact of solid ejecta with high kinetic energy.
INTRODUCTION
Laser-induced damage limits the lifetime of silica optics used in high power laser systems such as the National Ignition Facility 1 (NIF, USA), Laser MegaJoule 2 (LMJ, France), and those employed for industrial pulsed ablation, because damage sites can grow exponentially in size under subsequent exposures. [3] [4] Treatment to improve surface quality and reduce the amount of optical energy-absorbing precursors on fused silica (FS) optics has produced optics that are intrinsically essentially damage-free ( Fig. 1 ) under 351 nm, nanosecond-scale pulses at fluences up to 10 J/cm 2 (or the equivalent of a 2 MJ pulse on NIF) on laboratory-tested witness optics. 5 Figure 1 shows the damage density (right axis) obtained on offline-tested witness optics along with the beam spatial fluence distribution of a 1.8 MJ pulse, the original NIF design requirement. The integral of these two curves yields the expected number of damage sites from a single pulse and is essentially zero. However, the observed rate at which facility optics damage under such exposures is not insignificant. For example, grating debris shields (GDS), which serve to diffract the first order of the incident beam into a sampling diagnostic, have been removed from NIF presenting on the order of hundreds to thousands of damage sites without seeing pulses >10 J/cm 2 . Furthermore, over recycle stages, the total number of damage sites on the optic would be expected to approach a maximum since the number of intrinsic (material) precursors is fixed. But optic lifetime, determined by the rate at which damage sites accumulate on an optic, has not been observed to increase with recycling stages: rather, it tends to stay the same or decrease. Since intrinsic damage cannot account for all of the damage seen on a GDS, extrinsic sources were considered. 
Localized beam intensification
Local beam intensification was considered as one extrinsic source of damage to explain the observed enhanced damage rate. The beam may intensify for example due to an upstream defect which focuses a portion of the beam to a local fluence above the damage threshold. [6] [7] [8] [9] However, only on occasion are such flaws identified (when they create damage in the same location on different downstream optics) and represents the exception rather than the norm. In general, damage sites grow according to a fluence-dependent rate described by a Weibull distribution consistent without intensification. 4, 10 Local intensification simply does not explain the volume of damage sites observed on optics removed from service. Figure 2 . (a-b) Brightfield optical micrographs of two shallow damage sites from a previously installed grating debris shield optic and which do not resemble intrinsic damage. The first site is a) irregularly-shaped and the second site is b) surrounded by a debris field remaining on the surface following a caustic wash. c) Brightfield optical micrograph of an example input surface bulk eruption located on a disposable debris shield exposed to laser pulses on NIF.
Evidence of particle contamination causing optics to damage
There exist several pieces of evidence incriminating particles as a major source of the observed damage. 11 Firstly, in offline laboratory tests, where contamination is carefully controlled, there are essentially three types of intrinsic laserinduced damage observed 12 : a small shallow oval pit ("hazelet"), a cleaved surface with previously-molten focal point resembling a mussel shell ("mussel"), and a site with a previously-molten central core containing silica fibers, surrounded by lateral cracks ("pansy" which morphologically resembles a flower). Compared to this intrinsic damage, online damage tends to be shallow and irregularly-shaped ( Fig. 2(a-b) ). Secondly, this damage is sometimes surrounded by a splatter-like debris field (not present before installation) that remains after a hot caustic wash ( Fig. 2(b) ), i.e., tightly bound particle remnants have been directly observed near some damage sites. These shallow, irregular morphologies suggest a multi-focal point initiation as might be expected in a debris field. Thirdly, such debris fields had been sampled previously for elemental composition 13 which revealed the presence of Borofloat®, 14 the glass type composing a disposable Debris Shield (DDS). The DDS is the final optic in the NIF beampath adjacent to and protecting the GDS and other optics from direct deposit of debris and shrapnel from an illuminated target at the center of the target chamber. Furthermore, scanning electron microscopy (SEM) showed both molten and solid characteristics of the sampled debris suggesting that the particles may have been molten or partially molten at the time of ejection. Fourthly, damage sites on the input surface of a DDS proximal to a GDS exit surface, termed input surface bulk eruptions (ISBE), had been found ( Fig. 2(c) ). Thus, the existence of a possible source of borosilicate particles generated from the DDS input and deposited onto the GDS exit during laser operation was confirmed. 11 There are many opportunities for particles to be introduced to the optic surfaces, such as during optic handling, transport, processing, mounting into final assembly, and during laser operation. 11, 15 It was previously shown that directly deposited particles were much more likely to lead to damage upon subsequent laser exposure than indirectly deposited (i.e., loosely bound) particles 11 which were more likely to clean off. Thus, particles causing damage online are believed to be generated and directly deposited during laser operation. Scheduled maintenance only provides intermittent opportunity to manually clean these particles, not a trivial process considering how tightly they are bound. Thus, the inaccessibility of the contaminated optic favors an online mitigation strategy (i.e., particle removal or deactivation during facility operation). Laser cleaning has been demonstrated in the past to effectively remove surface contaminant particles. [16] [17] In fact, particle removal from the NIF beam footprint by pre-exposure is already evident when looking at the distribution of detections on the exit surface of an upward-facing GDS removed from service. 11 Particle density was found to be low within the beam footprint and higher outside the footprint where an additional gravity bias was present, suggesting that many particles are moved around during typical laser operation.
Objective
In this work, we mimic NIF DDS particle generation and deposition onto silica exit surface using a large-aperture laser to determine the conditions that maximize laser-assisted particle removal probability while minimizing damage to the substrate in high power laser systems. 
EXPERIMENTAL SETUP

Particle generation and deposition
To simulate conditions as close as possible to online DDS input surface ejecta landing on GDS exit surface, a section of a DDS (~ 400 mm x 400 mm) containing an ISBE was excised as a 2" square to fit inside standard optical mounts and the sample chamber. This square was placed in the sample chamber 4 cm downstream of a FS witness (Fig. 3 ) treated with an acid etch similar to the process applied to large-aperture FS optics on the NIF and known to increase the fluence threshold at which damage sites initiate. 5 After pumping the chamber down to near vacuum (10 -6 Torr), a single largeaperture (30 cm in diameter) 351 nm, 5 ns square laser pulse at 11 J/cm 2 fluence averaged across its spatial profile was delivered to the chamber. This laser system, tunable in pulse duration, pulse shape, and capable of simultaneously outputting at first, second, and third harmonics is described in detail elsewhere. 18 This fluence value is above the growth threshold for the ISBE and was chosen to generate a large number of particles under a single pulse for statistical study. In a single exposure, on the order of a thousand particles were generated.
Particle and substrate characterization
After particle deposition, exit surface of the sample was scanned by a robotic microscope (Nikon VMZ-R6555) using bright-field illumination to form images under 4× magnification (1.2 µm/pixel). These images were stitched into a grayscale mosaic used to locate and determine particle coordinates and measure particle size using a threshold-based particle detector algorithm (ImageJ). Coordinates were later used to capture subsequent 30× magnification images (0.16 µm /pixel) of the particles so as to accurately measure particle size and track the fate of the particle and underlying substrate after additional laser exposures. Size was measured as the effective circular diameter (ECD), the diameter of a circle with area equal to the obscured area of the particle in the bright-field image thresholded below background.
Probability of damage and cleaning
After the DDS square had been removed to prevent generation of additional particles, the deposited particles were tested for their probability to lead to substrate damage or to clean by exposure to additional laser pulses at either 3.5, 6.5, or 9.5 J/cm 2 . After each exposure, contaminated sites were assigned the following fates: particles either did not visibly respond ("Particle Remained"), "Partly Cleaned" (≥25% of original particle cross-section remaining), "Fully Cleaned" (<25% of original particle cross-section remaining), or "Damaged" (exhibiting visible fracture).
Surface etched to remove particles
On one sample, in place of testing for damage probability, a contaminated sample was washed with surfactant and then underwent a 2.5 µm-deep surface etch to remove the particles and view the substrate beneath with SEM for substrate response to particle impact. Figure 4(a) shows the size distribution of particles deposited on the exit surface of the FS substrate following a single pulse at 11 J/cm 2 . Small particles are most abundant: there is an order of magnitude greater quantity of particles <10 µm than those >10 µm. Particle spatial distribution is captured in Fig. 4(b) and is seen to be offset to the upper left in this configuration. This offset is due to the ISBE not being in the center of the excised 2" square.
RESULTS AND DISCUSSION
Particles that fully cleaned, such as that in Fig. 5(a) , sometimes left behind a shallow imprint of the original particle. This surface modification appeared benign, however, as these pits never grew upon subsequent exposure. This is reminiscent of the observation of laser-irradiated high absorption coefficient microspheres on the exit surface of FS which left behind a shallow pit argued to be etched by plasma generated by interaction between laser and particle. 19 The fragment in Fig. 5(a) is not believed to be borosilicate but likely a foreign coating flake. The particle of Fig. 5(b) was largely removed by the laser pulse but not completely. Such low volume remnant particles (< 25% of original obscuration) did not lead to damage upon subsequent exposure and thus were included in the class of "Fully Cleaned". Occasionally particle exposure led to damage (e.g., see Fig. 5(c) ). While not all damage sites grew following additional laser pulses, some like the damage in Fig. 5(d) did grow. Figure 6 . Proportion of the different fates assigned to contaminated sites after exposure to a test pulse at the specified fluence, each on a different sample. About 500 particles were exposed to each test pulse. Figure 6 shows the outcome after contaminated exit surface FS was exposed to a test pulse in the range of 3.5-9.5 J/cm 2 . The low fluence 3.5 J/cm 2 pulse did not perturb 93% of the particles. These particles would remain on the surface and get exposed to subsequent, potentially higher fluence pulses that could lead to damage. It is therefore advantageous to remove as many particles as possible. The mid-level fluence 6.5 J/cm 2 pulse (both fully and partly) cleaned more c) 1 2 00hY 6 5nm u OOA 8E
t O Gum Figure 7 . SEM micrographs of a) directly deposited ISBE ejecta (arrows indicating fracture from impact) before and b) after a 9 J/cm 2 laser exposure. Additional fracture is revealed where particle mass existed. b) A sprinkled borosilicate microsphere c) before and d) after a 9 J/cm 2 pulse where the central bound ejecta has delaminated, arrow showing no evidence of fracture underneath. particles than the low fluence case without leading to any detectable damage, but it still left behind more than 2/3 of the existing particles. The high fluence 6.5 J/cm 2 pulse did not appear to more effectively clean (either fully or partly) particles but rather induced damage on a small percentage of the particles. Thus, of the three pulses, the 6.5 J/cm 2 pulse most effectively cleaned the part without damaging the contaminated substrate. Figure 7 contains a gallery of SEM images collected before and after laser exposure of 2 types of contaminant particles to reveal details of the fracture induced by a 9 J/cm 2 pulse. What was observed was pre-existing fracture on the surface of the landed ISBE ejecta (arrows, Fig. 7(a) ) prior to the test pulse. The appearance of fracture is suspected to be from high kinetic energy particles colliding with the surface and did not involve a test pulse. The test pulse did not appear to grow this fracture. However, it did initiate new fracture such as the large site below the region indicated by the arrows. Thus, there appear to be two possible mechanisms leading to damage (and therefore cleaning): 1) Defective glass particles are landing molten on the surface becoming tightly bound and able to efficiently transfer laser energy from a test pulse through this perhaps highly thermally conductive bond, and/or 2) ISBE ejecta are generating fracture upon impact, which could later grow under subsequent test pulses. If the latter is occurring, then the test pulse is not cleaning the site but rather conditioning the impact fracture preventing it from growing on subsequent laser pulses. In either case, we found that a pre-exposure at ~6.5 J/cm 2 before a high fluence exposure would most effectively clean the part under the conditions employed in this experiment without damaging the contaminated substrate.
CONCLUSIONS
A pre-exposure of 6.5 J/cm 2 would remove the largest number of particles while remaining below the damage fluence threshold. Substrate response is determined by the state of the particle when it lands on the substrate. Evidence exists for particle-induced damage initiation both by fracture of the substrate surface upon initial impact and by coupling laser energy from a subsequent exposure to the surface by a tightly bound, possibly previously-molten particle. Future work will entail determining the relative contributions of each mechanism to overall observed damage initiation rates.
